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MOTION STABILITY MEASUREMENTS OF A
SUBMARINE-TOWED ELF RECEIVING PLATFORM

INTRODUCTION

The ability to communicate with submarines at operational depth is of prime im-
portance to the U.S. Navy. Present long-range submarine communication systems operate
in the very-low-frequency (VLF) band (3 to 30 kHz), which requires the receiving antennas
to be relatively near the ocean surface. A communication system operating in the extremely-
low-frequency (ELF) band (30 to 300 Hz) would allow reception at a submarine's opera-
tional depth because of the greatly increased penetration at ELF frequencies of electro-
magnetic waves below the surface of the ocean. To achieve omnidirectionality in the ELF
band, efforts have been concentrated on the development of an E-fieid sensing trailing-
wire antenna with distributed electrodes [1] and an H-field-sensing ferromagnetic-core
solenoid [2], both of which would be towed behind a submarine as a complementary
pair. The E-field trailing-wire antenna has been shown to have a noise level that meets
the required sensitivity specification; however, to date, the H-field solenoid self-noise level
is nearly 20 dB above the required sensitivity, and further improvements in self-noise level
may not be possible. Because the trailing-wire E-field antenna alone is not omnidirectional,
an alternative antenna is required.

h lie use of a Josephson Junction UdCetectr in tIIhe forlmlO a OUpcLn..9JL1L4 ..t1Li..tJUWR.L41
interference device (SQUID) [3] shows promise for overcoming these limitations. The
SQUID is an extremely sensitive H-field vector sensor that has been shown to satisfy the
noise requirements for reception of an ELF signal below the surface by the use of a
pickup coil that is only 5 cm in diameter. To achieve the desired omnidirectionality,
three SQUIDs can be arranged in a mutually orthogonal configuration.

The three SQUID sensors must be mounted in a long-hold-time, liquid helium dewar
to maintain the necessary superconducting temperature. Mounting the sensors on the
hull may result in exressive interference from suhmnrine-generated macnetir fields. Con-
sequently, we are investigating the possibility of mounting the antenna on a buoy that
can be towed up to 100 m behind the submarine.

The motion of the buoy, however, creates noise because the SQUID is a vector
sensor required to detect a signal of 10-14 Tesla (T), while operating in the earth's mag-
netic field (He) of 6 X 10-5 T. The motion of the towed buoy will modulate He and
result in an AC noise field at the motion frequencies. The motion-induced variations that
occur within the ELF receiver bandwidth of 30 to 130 Hz will constitute a major source
of noise and must be removed by suitable signal processing. In addition. the motion-
induced noise must be sufficiently low so that the dynamic range of the SQUID output
electronics is not exceeded.

Manuscript submitted January 9, 1976.
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The motion spectrum of the ELF towed buoy thus greatly influences the design of
both the SQUID electronics and signal processor. The feasibility of a SQUID ELF antenna
may rely on the availability of a towed buoy of sufficient stability.

To determine the system parameters influenced by motion of the buoy, we compiled
motion spectra on a towed buoy that was generally considered to be the most stable
hydrodynamically of any communications buoy designed to date. This buoy (Fig. 1) was
designed anU consUIucU1d in IVI by the1C LDdViU TV. Taylto £NaVCtL O11hp LsCu-MC4c1 cUJ 1e-J
velopment Center (DTNSRDC), Bethesda, Md. It is experimental and was specifically
designed to be very stable. A full description of the buoy can be found in Ref. 4.

In November 1974, the buoy was taken to the DTNSRDC towing basin. This report
presents the results of the towing tests conducted on the buoy at that time and discusses
the implications of these results on the SQUID ELF antenna design. This work has been
summarized in Ref. 5.

These tests were intendedl to predict the performance of the buoy when towed at

sea behind a submarine. The limitations of towing basin measurements for predicting sea
performance are probably obvious, but they should be mentioned. The influence of ocean
disturbances such as currents and swells and the ability of the buoy to recover from such
disturbances cannot be determined from basin measurements. The effect of wake dis-
turbances from the submarine also cannot be determined. In this regard, however, the
buoy tested here was designed with high lift hydrofoils that position it well above the
wake of the submarine while being towed. Potentially, the greatest uncertainty in pre-
dicting sea performance is the instability that can occur when a buoy is towed at the
end of a lnga Large-amrnpitude yawing instabhilties as desribhed by Paidoussis [6],
can occur in buoys towed with certain "resonant" cable lengths. Previous sea trials [41
of this test buoy revealed no such instabilities greater than the ±5 X 10- 3-rad noise level
of the sensors used in those trials. However, the sea trials described in Ref. 4 were
somewhat limited in their scope, and it is conceivable that long cables will produce mo-
tion excursions that exceed the amplitudes measured in the tests described in this report.

1.90

ALL DIMENSIONS IN METERS

[ax r~~x- 1.67-a +
0.79 LOTCATION OF TRANSDUCERS

Fig. 1-The tested buoy
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DESCRIPTION OF TOW TESTS

The buoy was instrumented with a triaxial rate gvroscope and a triaxial linear ac-
celerometer mounted at the point shown in Fig. 1. The triaxial rate gyroscope (manu-
factured by Humphrey, Inc., Model RT02-0201-1) was selected for its high sensitivity,
which is approximately 0.2 mrad/s. The triaxial linear accelerometer (manufactured by
Endeveo, Inc., Model 2228C) was of a standard design with an output voltage sensitivity
of I$ pV/(cm/s2 ). The outputs of these sensors were amplified, filtered, and recorded on
analog and digital magnetic tape.

The buoy was towed in a 650-m towing basin as shown diagrammatically in Fig. 2.
When towed in the ocean by a submarine. the buoy is towed from below and is oositivelv
buoyant. However, because the buoy cannot be towed from below in the towing basin
without excessively disturbing the water, the buoy was made negatively buoyant and was
towed in an inverted position from above. Thus, the configuration in Fig. 2 is a mirror
image of the configuration used during submarine towing. The vibrational behavior of
the buoy is not expected to be altered by this inverted towing position. The buoy was
towed at steady speeds of 2 to 7 knots; in addition, several constant-acceleration runs
with a top speed of 7 knots were made. Higher speeds were not used because 7 knots
was the maximum design speed of the buoy. Each run was repeated three times in order
to verify the repeatability of the moasurements. The static angle of Qttack, wio 30 nose
up, O°, or 3.50 nose down. Because each run was repeated three times and three body
trim angles were used, there were at least nine runs at each speed. A total of 80 runs
was made for these tests.

The rate gyros were intended to provide coverage of the bandwidth from DC to
20 Hz and the accelerometers from 10 Hz to more than 100 Hz. Because the largest
buoy motions are expected to occur at frequencies below several Hertz, it is imnportant
that the limitations of the rate gyros at these low frequencies be well understood. Con-
Si o1_r +6 6., 4_ - Ahw1 wFQA o 2A1- 14 . A+A o .. : _ _ _ -- * _A_--side the Wavy 0>LL±QU0, oi 0uLwLiaty aud aL ti4UtfIUY W WIL1I 4 Heals amlipit.UUt! U0, SO
that the angular excursion 0 of one of the principal axes is given by

0 - Ooeiwt . (1)

The rate gyro sensitive to this axis will produce an output proportional to

V = W0 0 ei(wt+r12). (2)

TOWING

f/CARRIAGE
WATER SURFACE l

3 3 METERS / DIRECTION
Or TOW4 O1 TW )6.7 METERS

ohSrN FLOOR t7/ / 7/ / /7/ i// '7'/ '7,'
Fig. 2-Towing configuration
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DINGER AND GOLDSTEIN

At a particular frequency, the excursion noise level ON is related to the gyro output noise
level ON% by, from Eq. (2),

(o -| |. (3)

TMhe sensi+tivt of 4hn a,-ne rnpon s indeendnt if freque Ienca the frnf rnsnn w

decreases the excursion noise level increases for given ON. Figure 3 shows Eq. (3) as
plotted with the rate gyro manufacturer's nominal value for 0s of 0.2 mrad/s and
excursion noise level increasing at low frequency. Figure 3 shows that the rate gyro
cannot resolve very low frequency oscillations of the buoy.

Because the accelerometers measure linear and not angular acceleration, the conver-
sion of their output to angular excursion is somewhat more complicated than the conver-
sion for the rate gyros. Not only must a double integration with respect to time be made,
but also an axis about which the rotation is occurring must be either determined or
assumed. The first assumption to be made in this regard is that, once the towing carriage

<i \

w~~~~~~ I 

10<

z

>

IC iI 

1GS ~~102 10- 10

FREQUENCY (HZ)

Fig. 3-Variation of rate-gyro excursion noise level
as a function of frequency
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and buoy reach a steady speed, there is no relative motion of the center of mass of the
buoy with respect to the carriage. Second, because the towing point on the buoy is
located at its center of gravity, we will assume that the axes of rotation are coincident
with the principal axes of the body.* In other words, all motion detected by the ac-
celerometers is assumed to be simple roll, pitch, and yaw motion of the buoy. Hence
the angular excursion accelerations 0 are related to the outputs of the linear acceler-
ometers X by

0- = Xi, (4)

where i = r, p, y for the roll, pitch, and yaw accelerometers, respectively. The quantity
Qj is the length of the perpendicular between the accelerometer and the corresponding
roll, pitch, or yaw axis. The values of the Qi are k, = 0, Qp = 80 cm, and 9y = 80 cm.
In all of the data, the output of the roll accelerometer (once a steady towing speed was
reached) was essentially noise limited, as expected from Eq. (4) for 2r = 0. This fact also
tends to support the assumptions used to derive Eq. (4).

RESULTS

Rate Gyro Data

Figure 4 (a) displays a portion of a strip chart recording of the pitch rate gyro out-
put taken during a 7-knot run. Since the rate gyro produces an output voltage propor-
tional to anglalr time rnte of change, this voltage must he integrated with respect to time
in order to obtain the time history of the angular excursion. The trace in Fig. 4 (b)
shows the result of integrating the rate gyro output. A fairly regular oscillation of 0.4
mrad with a period of about 2 s can be discerned in this trace. In addition, a large fluc-
tuation of about 1.4 mrad occurs between 10 and 20 s. The frequency of this fluctuation
is approximately 0.025 Hz. According to Fig. 3, the noise level at this frequency is about
1 mrad; hence the large fluctuation is simply rate-gyro noise.

To study the spectral content of the motion, we digitized the recorded rate-gyro
outputs and used them as input to a standard Fast Fourier Transform (FFT) routine on
a digital computer. Figure 5 shows typical spectra of the output of the rate-gyro sensor
for the pitch axis at steady state speeds of 4 and 7 knots. A portion of the recorded out-
put for this run is shown in Fig. 4. The spectra show low frequency motions of the body
that increase in bandwidth as speed increases. The 4-knot spectrum has a bandwidth ex-
tending from near DC to about 2 Hz, while the 7-knot spectrum extends to about 4 Hz.
In each case the spectral amplitudes are approximately 6 X 10-4 rad/s, indicating that an
increase in speed has essentially no effect on the amplitude of the low frequency motion.
The fluctuation with a 2-s period visible in Fig. 4 can be seen as the peak at 0.5 Hz in
Fig, 5.

The principal axes of the body are the eigenvectors of the moment of inertia tensor. In the buoy used in
these tests, the principal axes coincide with the usual roll, pitch, and yaw axes.

5
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Fig. 4-(a) Real-time output of the pitch rate gyroscope;
(b) Time integral of the top trace, displaying pitch angular
excursion as a function of time
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Figure 6 displays the spectra of the integrated data from Fig. 5 and represents the
pitch angular excursion of the buoy. A sensor resolution curve, similar to the curve
plotted in Fig. 3, has been added to Fig. 6 to emphasize that the increasing spectral am-
plitude at low frequency is in part a result of the increasing sensor noise level at low
frequency. These curves of excursion spectra show that the buoy excursions are less than
10-3 rad.

Data from the roll and yaw sensors and from runs at other speeds gave results similar
to data found in Figs. 4 through 6. The static angle of attack of the buoy was observed
to have no effect on the motion spectra for the range (±3.50) studied in these measurements.
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Fig. 6-Spectra of the time integral of the pitch rate-gyro out-
put for two different towing speeds, displaying pitch angular
excursion as a function of frequency

Accelerometer Data

Figure 7 displays the spectra of the output of the x-oriented (pitch-sensitive) accel-
erometer for steady towing speeds of 4 and 7 knots. The prominent feature of these
spectra is the presence of two sharp spikes. Figure 8 contains the doubly integrated
spectra from Fig. 7, where Eq. (4) has been used to convert linear acceleration to angular
excursion. Except for the two spikes and their harmonics, it is evident that the spectra
reflect the accelerometer noise level; and the maximum excursions of the buoy are 10-6
rad and less.
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Fig. 7-Spectra of the x-oriented
(pitch-sensitive) accelerometer
output for two different towing
speeds
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Fig. 8-Spectra of the doubly inte-
grated, pitch-sensitive accelerometer
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displaying pitch angular excursion as
a function of frequency. Sensor reso-
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The spikes in the accelerometer spectra were seen in both the pitch and yaw accel-
erometers; the frequencies of the peaks varied approximately linearly with speed. This
dependence is shown graphically in Fig. 9, in which the frequency of the peak largest in
amplitude is plotted as a function of towing speed. Figure 10 displays a series of spectra
from a constant-acceleration run. These spectra were computed on an analog spectrum
anl Iyzer with a considerably Inwar rgesliiutinn thnn the digitallv comnuted snectra given

in Figs. 7 and 8; thus the peaks appear to be broader. The linear dependence of peak
position on speed is clearly evident.

/,V

4 6
TOWING SPEED (KNOTS)

Fig. 9-Variation of frequency of largest spike in
x-oriented (pitch-sensitive) accelerometer spectra
as a function of towing speed
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Fig. 10-Spectra of the pitch-sensitive accelerom-
eter output as a function of time for data taken
during a constant acceleration run. Peak speed is
approximately 7 knots.
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The source of these oscillations was traced to the formation of vortices at the blunt
trailing edges of the buoy hydrofoils, Vortices form in an alternating manner at the top
and bottom edges of the rear of each hydrofoil. These vortices then "peel" away from
the edges at a rate dependent on speed through the water and the thickness of the hydro-
foil. The turbulence from the vortices couples to the buoy, causing the buoy to oscillate.
Two peaks are present because of two different thicknesses of the buoy hydrofoils. This
vort.py qherdiinc nhennomnon is rdesrihed in iiAptnil hu Vnllon',ine 71-

11.._.._-_.._. .- - _j . --J L-

To verify that the oscillations were caused by vortex shedding and to determine to
what extent proper streamlining can reduce their amplitude, we attached simple fairings
constructed of stainless steel shim stock to the rear of some portions of the hydrofoils.
Figure 11 shows the buoy with the fairings. A comparison of spectra taken before and
after the fairings were added is given in Fig. 12. The streamlining drastically reduces the
amplitude of oscillations, the peak at 56 Hz having all but disappeared. The peak at
43 Hz is the result of vortex shedding from the horizontal midbody surfaces to which no
fairings were added (see Fig. A1} Thus this peak is still present in the spectra of Fig.
12 (b). We conclude that proper streamlining and fairing of the hydrofoil trailing edges
would eliminate the observed spectral peaks entirely.

The peak near 48 Hz in both spectra of Fig. 12, the low amplitude peaks of Fig. 8,
and the structure at frequencies of 30 Hz and higher in Fig. 10 probably result from
oscillations caused by turbulence from the cylindrical body of the buoy. The structure
at 30 Hz in Fig. 10 has an onset at approximately 2 knots. Apparently, an appreciable
wake does not form until this speed is attained. None of these oscillations exceed 10-6
rad in amnlitifdP

Fig. 11-Fairings added to the trailing edges of some of the hydrofoils of the buoy
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APPLICATION OF RESULTS TO SQUID ELF ANTENNA DESIGN

The principal constraint that buoy motion places upon the SQUID ELF antenna
design is that of dynamic range; that is, the dynamic range must be sufficient to handle
the largest motion-induced signal without saturation of the SQUID sensors. Figure 13
shows the required dynamic range as a function of maximum buoy excursion. This graph
assumes a noise level of 10-14 TA/Fz for the sensors and a value of 6 X 10-5 T for the
earth's field. The required dynamic range is determined by the large amplitude motions
that occur at very low frequencies. Although the angular rate sensors used here are
incapable of accurately determining near DC excursions, as discussed in the section "De-
scription of Tow Tests," it can be estimated from Fig. 6 that the maximum excursions
are probably no greater than 5 X 10-4 rad. This value requires a dynamic range of 130
dB, which is within the 140-dB analog dynamic range of the NRL prototype SQUID
receiver 15]. The possibility remains that larger motions are present in the buoy that
were too low in frequency to be resolved by the rate-gyro sensors.

The signal processing method that has been developed for the removal of residual
motion noise determines the components of the earth's magnetic field He by an adaptive
technique and then sums the square of these components in order to remove the earth's
field as a large DC component [8]. The accuracy with which the components must be
determined is given by the ratio of the desired system noise level to the maximum in-
band motion signal. Figure 14 gives the allowable error in the determination of He as

I
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Pig. 13-Graph of dynamic range re-
quired for SQUID sensors as a function
of maximum angular excursion of the
buoy
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a function of the maximum in-band (30-130 Hz) angular excursion. For the maximum
excursion of 10-6 rad, the components of the earth's field must be determined to an
accuracy of less than one part in 104, or approximately 6 X 10-9 T. Such accuracy is
obtainable using the adaptive technique described in Ref. 8.

CONCLUSIONS

We have shown that the angular motion of a hydrodynamically stabilized buoy can
be held to 10-6 rad or less within the ELF receiver bandwidth of 30 to 130 Hz. This
level of performance can be obtained if fairings are used on the trailing edges of the buoy
hydrofoils. Low frequency oscillations of the buoy were 10-3 radians or less for fre-
quencies down to 0.025 Hz. This low level of motion noise was obtained under the ideal
conditions of towing basin measurements; some degradation in performance probably can
be anticipated when the buoy is actually towed behind a submarine In general, however,
we believe that the angular excursions of the tested buoy are sufficiently low to permit it
to serve as a towed platform for the NRL prototype SQUID receiver, if suitable processing
of the SQUID outputs is provided to remove the residual motion noise and if fairings are
added to the hydrofoils.
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